T he first genetically encoded amino acid was identified more than two centuries ago, but new ones are still being found. The most recently reported one -the twentysecond -is pyrrolysine (Pyl), which was found 1, 2 in 2002 at the active sites of methyltransferase enzymes obtained from a methaneproducing archaeon. Like the 20 common amino acids that are incorporated into cellular proteins, Pyl is synthesized in the cytoplasm and incorporated at a specific position in a growing polypeptide chain during translation 3 . However, it was the only genetically encoded amino acid for which a biosynthetic pathway had not been established. On page 647 of this issue, Krzycki and colleagues 4 report that the essential amino acid lysine is the sole precursor of Pyl, and they define the enzymatic steps for the conversion of two l-lysine molecules into one molecule of l-Pyl.
Translation occurs on ribosomes, and involves decoding a series of nucleotide triplets (codons) on a messenger RNA strand into a corresponding series of amino acids. Prior to translation, an aminoacyl-tRNA synthetase enzyme catalyses the attachment of each amino acid to a transfer RNA, forming an aminoacyl-tRNA molecule. During translation, the ribosome transfers the growing protein chain carried on the preceding tRNA (the peptidyl-tRNA) to the next incoming amino acyl-tRNA. Translation continues stepwise in this way until the ribosome reaches a stop codon, which triggers specific factors to release the polypeptide chain into the cell.
In previous studies 1,2 , Krzycki and coworkers found that, surprisingly, a specific stop codon (UAG) in the sequence of 4 report that l-pyrrolysine forms from two l-lysine molecules in archaea, and propose the following biosynthetic pathway. a, In the presence of a cofactor (S-adenosylmethionine, SAM), the protein PylB catalyses the conversion of l-lysine to 3-methyl-d-ornithine, a molecular-rearrangement reaction. b, PylC then catalyses the ATP-dependent combination of 3-methyl-d-ornithine with another l-lysine to make 3-methyld-ornithyl-l-lysine (ATP is an energy-carrying cofactor). c, d, Finally, PylD catalyses an oxidative deamination reaction (in which an NH 2 group is eliminated as ammonia, NH 3 ), which is followed by cyclization and dehydration steps to yield l-pyrrolysine. It is not currently clear whether PylD catalyses the transformation shown in d, or whether this is a spontaneous process. Fragments of the molecules are colour-coded to make the reactions easier to follow. miRNA, one complementary to the T, not the C, Brest and colleagues show that sequence matching at the C/T site is crucial. In individuals with the T variant, the miRNA downregulation fails, IRGM levels remain high, and the process of bacterial digestion is uncontrolled. This, the authors suggest, explains the abnormal persistence of intracellular bacteria in affected individuals and the conservation of the silent C between species. To support this idea, they manipulate levels of the key players and show that such manipulation affects the process of bacterial digestion and in turn bacterial numbers within cells. Consistently high levels of the miRNA in inflamed tissue in patients with Crohn's disease suggest that the cells are constantly trying, but, in the case of those with the T variant, failing, to control the digestion of intracellular bacteria.
One curiosity is that the T variant maintains high levels of IRGM, which might be expected to result in ultra-efficient clearance of bacteria. Perhaps a reduced level of IRGM is needed to control the flow of bacteria through the system, in much the same way as a reduced speed limit on a motorway during peak times lessens traffic jams.
It also remains to be seen why mutations in the IRGM gene are not associated with Crohn's disease in Japan 12 , although a higher normal expression level of the protein in Japanese people compared with Europeans may be relevant 13 . That the same T variant is associated with susceptibility to tuberculosis 14 , at least among African Americans, hints at the possibility of a broader link between this synonymous variant and bacterial persistence.
More generally, understanding how and how often silent mutations affect fitness is important not only for the hunt for diseasecausing mutations 15 , but also for estimating the mutation rate, for identifying positive selection and for gene manipulation. ■ Laurence D. Hurst 4 performed mass spectrometric analysis of the methyltransferase obtained from engineered E. coli cultures grown in a medium supplemented with both unlabelled d-ornithine and labelled lysine. They discovered that some of this methyltransferase contained labelled Pyl, as before. However, part of the protein contained desmethylpyrrolysine, an amino acid in which the methyl group of Pyl has been replaced by a hydrogen atom. Desmethyl pyrrolysine can be made from one lysine and one d-ornithine, suggesting that d-ornithine was charged onto Pyl-tRNA by the Pyl-tRNA synthetase and thereby misincorporated into the methyltransferase. This implies that the Pyl biosynthetic cassette could be used to incorporate useful modified aminoacid residues into proteins -something that is of interest to many research laboratories.
One limitation of Krzycki and colleagues' study 4 is that the pylBCD-encoded proteins were not purified and used to demonstrate their proposed activities. But on the basis of the similarity of the amino-acid sequences of PylB, PylC and PylD to other proteins whose functions are known, the biosynthetic pathway proposed by the authors is reasonable and chemically feasible. The door is now open for enzymologists to study the Pyl biosynthetic pathway in detail. A prime target for investigation is the PylB-catalysed lysine mutase reaction, in which an aminoethyl group (CH 2 CH 2 NH 2 ) shifts from one part of the molecule to another (Fig. 1a) . This is particularly interesting because the amino-acid sequence of PylB suggests that it is a member of the radical S-adenosylmethionine protein family 10 , which is not currently known to catalyse this reaction. More broadly, these findings will help us to better understand the relationship between the evolution of the genetic code and of amino-acid biosynthetic pathways. (Fig. 1) . It would seem easy to attribute this difference simply to the fact that Europe lies downwind of the warm North Atlantic Ocean. But Kaspi and Schneider (page 621 of this issue) 1 put forward the counter-intuitive argument that the northeastern parts of North America, and also of Asia, are instead cooled in winter by heat released from oceans just off their coasts.
No exotic thermodynamics is needed to create continental cold from oceanic warmth. Instead, Kaspi and Schneider show that heat emitted by a warm swathe of mid-latitude ocean can set up a pattern of north-south flow that draws cold Arctic air into regions immediately upstream of the heat source. Waters just east of Asia and North America do indeed emit large amounts of heat into the atmosphere during winter, when prevailing eastward winds draw cold continental air over the warm waters of the Gulf Stream and the Kuroshio, Asia's analogous continental boundary current.
Two main processes were previously thought to create the wintertime thermal contrast across the Atlantic, the first of which is the warming of Europe by heat drawn out of the ocean by prevailing eastward winds 2 . The North Atlantic itself is kept warm in winter by storage of the previous summer's heat and by ocean currents that transport heat from lower latitudes. There has been some excitement in methyltransferase enzymes from methanogenic archaea encodes Pyl. They went on to show 5 that the biological machinery associated with Pyl's synthesis and incorporation into proteins is encoded by the pylTSBCD cluster of genes, which can be thought of as a geneticcode expansion cassette -a gene cluster that, when transferred into an organism, enables that organism's ribosomes to recognize UAG and translate it into Pyl. The ribosome therefore 'reads through' this stop codon and catalyses a reaction between the Pyl-tRNA and the preceding peptidyl-tRNA to insert Pyl into a protein. The protein PylS was found to be the Pyl-tRNA synthetase 6 , whereas PylT was identified 7 as the Pyl-tRNA. The remaining pylBCD genes in the cassette were therefore expected to encode the enzymatic pathway for Pyl biosynthesis.
It has been proposed that Pyl derives from lysine and some other cellular compoundpossibly one of the amino acids d-ornithine 4 have now demonstrated that the protein products of the pylBCD genes catalyse the synthesis of Pyl from two lysines using the pathway shown in Figure 1 .
The authors began by genetically engineering a common laboratory strain of the bacterium Escherichia coli to include the pylTSBCD expansion cassette from the archaeon Methanosarcina acetivorans and the methyltransferase gene mtmB1 from another archaeon, Methano sarcina barkeri. The mRNA sequence of mtmB1 contains the UAG stop codon that specifies Pyl. Krzycki et al. then provided the engineered E. coli with lysine in which all six carbon atoms and both nitrogen atoms were isotopically labelled, and later purified the methyltransferase produced by the organism.
To decipher the biosynthetic pathway for Pyl, the authors used mass spectrometry to accurately measure the masses of peptide fragments (produced in situ in the mass spectrometer) of the purified methyltransferase. By comparison with a similar analysis of methyltransferase purified from engineered E. coli grown in unlabelled lysine, they identified a single labelled Pyl-containing peptide fragment. Further mass spectrometry experiments unambiguously revealed that all 12 carbon atoms in the Pyl residue and all three of its nitrogen atoms were isotopically labelled. Because lysine contains six carbons and two nitrogens, the results conclusively demonstrated that two molecules of lysine combine to produce Pyl, and that one of the lysines eliminates a nitrogen atom during the PylBCDcatalysed biosynthetic pathway (Fig. 1) . In other words, no precursor other than lysine is used in the biosynthesis of Pyl.
These results are surprising in light of a report 8 that d-ornithine stimulates UAG read-through in an E. coli strain similarly engineered to contain the pylTSBCD expansion cassette -a finding that suggests that
